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Abstract  
During maturation, the oocyte (immature egg) progresses from prophase I to metaphase II of 
meiosis and a multitude of cellular changes occur.  In zebrafish, oocyte maturation is triggered 
by 17α,20β-dihydroprogesterone (DHP), which binds to a membrane-bound receptor, however 
the extent of communication between the oocyte and its environment is not fully understood.  
Wnt signaling pathways are known to regulate gene expression, cell behavior, cell adhesion, and 
cell polarity, as well as play an essential role in embryonic development.  In this study, I 
investigated the potential activity of Wnt signaling pathways during zebrafish oocyte maturation 
by examining the gene expression of the key Wnt signaling pathway components Dishevelled 
and β-catenin over a maturational time-course using qPCR.  I also visualized the localization of 
β-catenin in immature and mature oocytes using confocal microscopy.  The results of my study 
suggested that these key Wnt signaling pathway components are upregulated over the course of 
maturation, indicating that Wnt signaling either plays a role in the processes of maturation itself, 
or that the cell is preparing itself for increased Wnt signaling during the subsequent process of 
embryo development. 
Introduction 
A. Zebrafish as a Model Organism for Developmental Biology 
Zebrafish (Danio rerio) are commonly used as model organisms for vertebrate 
developmental biology research and possess many characteristics that make them an ideal model 
for such studies.  They are relatively easy and inexpensive to acquire, breed, and maintain.  
Furthermore, under simple laboratory conditions, a population of zebrafish will produce 
fertilizable eggs that will be ovulated and externally fertilized on a daily basis for use in studying 
embryo development.  The eggs themselves are relatively large and easy to study and will 
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continue to develop outside the fish if removed.  Additionally, zebrafish embryos (and egg cells 
at several stages of development) are transparent, making developmental changes easy to 
visualize using light microscopy ( 1).  All of these factors represent the advantages of using 
zebrafish rather than another vertebrate model species, such as mice, in terms of ease of use and 
collecting large quantities of data.  Therefore, because of their ease of use, zebrafish make a 
good vertebrate system for developmental biology research, and research conducted using 
zebrafish can be related to other vertebrates, such as humans.  Moreover, based on these 
characteristics, zebrafish are an ideal organism for studying the development of embryos and the 
early stages of egg cell development. 
B. Processes of Oocyte Maturation in Zebrafish 
In my research, I studied oocyte (egg cell) maturation, the final stage of oogenesis (egg 
development) before ovulation ( 2).  To provide context to the complex intracellular processes 
that occur during maturation, I will begin with a brief discussion of oogenesis in general before 
proceeding to a more in depth consideration of maturation.   
Oogenesis is both an interesting and important area of study because the highly complex 
processes of egg development must occur correctly in order to permit vertebrate sexual 
reproduction.  Because of the reproductive importance of egg development, female fish invest a 
significant amount of energy into their ovaries, with gonad tissue representing up to 40% of body 
weight ( 2).  Within this ovary are oocytes surrounded by somatic follicle tissue. After 
completely developing, mature oocytes are oviposited as fertilizable eggs.  Unlike most 
vertebrates, teleosts (ray-finned fishes), such as the zebrafish, retain dividing oogonia (gametic 
stem cells) in adulthood and are therefore able to constantly replenish their population of oocytes.  
The oocyte, which will go on to form the mature egg, consists of the ooplasm surrounded by the 
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oolemma;  the oolemma is surrounded by the zona radiata, which will bind to spermatozoan to 
initiate fertilization (Figure 1).  Within the ovary, the developing oocyte is incased in somatic 
follicle cells that interact with and nurture the oocyte as it develops (Figure 1) ( 2).   
 
Figure 1. Anatomy of the oocyte and surrounding follicle cells.  Figure from Tyler and Sumpter, 
1996 ( 2). 
 In zebrafish, oocyte development is divided into five distinct stages, as illustrated in 
Figure 2 ( 3).  One of the primary events that occurs during these developmental stages is the 
progression of the oocyte through meiosis, ending with a mature fertilizable egg cell in 
metaphase II and the completion of meiosis occurring post-fertilization ( 4).  The first stage of 
oocyte development is the primary growth stage, in which oocytes begin to grow and progress 
into the early stages of meiotic prophase.  This primary growth stage comprises two phases. In 
the pre-follicle phase (Ia) several small, growing oocytes lie in “nests” surrounded by a single 
layer of pre-follicle cells.  As these oocytes grow, they separate from each other and become 
completely enveloped by somatic follicular cells, marking the follicle phase of primary growth 
(Ib).  In the cortical alveolus stage (II), yolk vesicles (cortical alveoli) develop, causing the 
ooplasm (cytoplasm of the oocyte) to become increasingly opaque when observed by light 
microscopy, especially in the region around the germinal vesicle (nucleus).  In the vitellogenesis 
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stage (III), the oocyte becomes completely opaque and continues to grow as yolk accumulates.  
During both the cortical alveolus stage and the vitellogenesis stage, the oocyte is arrested in 
prophase I of meiosis ( 1). 
 
Figure 2.  Stages of oogenesis in zebrafish.  Figure from Bally-Cuif et al., 1998 (after Selman et 
al., 1993) ( 3).  
 
Maturation is the final stage of oocyte development (IV), the end result of which is the 
mature and fertilizable egg (V) (Figure 2).  Maturation is characterized by the resumption of 
meiosis and the transition from an immature oocyte arrested in prophase I of meiosis to a mature 
egg arrested in meiotic metaphase II ( 4).  Because of the progression of meiosis, maturation is 
marked by the breakdown of the germinal vesicle, which is a characteristic of late prophase and 
metaphase ( 5).  In addition, the opaque oocyte becomes translucent through a process known as 
ooplasmic clearing, which is the result of numerous changes in yolk proteins.  Maturation is also 
marked by the development of osmoregulation, which allows the mature egg to be osmotically 
stable after it is oviposited into the hypotonic environment ( 4).  The complex and critical 
intracellular changes that must occur during maturation to produce a fertilizable egg make this 
stage of oocyte development a particularly interesting area of study. 
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Oocyte maturation is triggered by a cascade of hormonal signals that are illustrated in 
Figure 3.  First, the gonadotropin luteinizing hormone (LH) is secreted from the pituitary gland. 
Gonadotropin indirectly induces maturation by triggering the production of maturation-inducing 
hormones (MIHs) by follicle cells surrounding the oocyte ( 5). The primary MIH in zebrafish 
and other teleosts is 17α,20β-dihydroprogesterone (DHP), a hormone similar to human 
progesterone.  DHP is synthesized within follicle cells through a complex series of enzymatic 
reactions starting with the steroid precursor molecule pregenolone, a steroid produced by side-
chain cleavage of cholesterol (Figure 4) ( 6).  From this figure, it is apparent that DHP is highly 
related to several other progesterone derivatives, both in origin and structure.  DHP attaches to 
an inhibitory G-protein coupled receptor on the surface of the oocyte, initiating a signal cascade 
that leads to the inhibition of protein kinase A and activation of mitogen-activated protein kinase.  
It is this combination of inhibition and activation that triggers the intracellular events which start 
maturation and lead to the resumption of meiosis ( 7).  However, the mechanism for relaying the 
maturation signal from the surface receptor to appropriate effector proteins, as well as the 
mechanism through which LH triggers the production and release of MIH by follicle cells, is not 
well known ( 5).   
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Figure 3. The hormonal control of oocyte maturation in fish.  Figure from Nagahama and 
Yamashita, 2008 ( 5). 
 
 
Figure 4.  The synthesis pathway of DHP in fish.  Figure from Nagahama, 1997 ( 6).  
 
Selman et al. (1994) developed standard protocols for inducing maturation in immature 
zebrafish oocytes in vitro and for tracking maturation as it occurs, allowing for the study of the 
biological processes of oocyte maturation.  They tested a battery of different steroid hormones at 
different concentrations and found that incubating immature oocytes in 1 µg/mL DHP was the 
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most effective way to induce maturation, which is consistent with DHP being the MIH in 
zebrafish. The general progression of oocyte maturation can be easily determined using light 
microscopy by exploiting the fact that maturation is characterized by ooplasmic clearing.  
Through this method, Selman et al. (1994) found that maturation was generally complete within 
8 h post-incubation with DHP and that no further changes appear to occur after maturation was 
completed (Figure 5).  Thus, using Selman et al.’s protocols, maturation can be induced in 
immature oocytes through incubation in 1 µg/mL DHP for 8 h ( 8). 
 
Figure 5. Determining oocyte maturation through ooplasmic clearing using light microscopy. 
Zebrafish oocytes were incubated in 1 µg/mL DHP and photographed at 0 (a), 2 (b), 6 (c), 8 (d), 
or 24 (e) h of incubation.  Figure from Selman et al., 1994 ( 8). 
 
Gene expression in maturing zebrafish oocytes can be determined by monitoring the 
expression of genes within the zebrafish ovary.  This is possible because, at this point in 
development, oocytes do not produce their own mRNA and are instead loaded with maternal 
mRNA by the surrounding ovary cells.  An organism does not produce its own mRNA until after 
the maternal-to-zygotic transition, which does not occur until after fertilization in most 
organisms ( 9).  Developing zebrafish embryos do not begin to produce their own mRNA until 
3–4 h post-fertilization, meaning that the mRNA in both immature and mature oocytes is 
maternal RNA supplied by the ovarian follicle cells ( 10).  Since maturing oocytes receive all of 
their mRNA from the surrounding follicle tissue, the total RNA from oocytes and their 
surrounding tissue within the ovary serves as an adequate representation of what genes are being 
expressed in the ovary and oocytes.  It is therefore reasonable to use the total RNA from oocytes 
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and the surrounding follicle tissue when studying gene expression during this time, making it 
unnecessary to isolate individual oocytes for testing. 
C. Wnt Signaling Pathways and Their Possible Role in Oocyte Maturation 
Wnt signaling pathways, which involve signal transduction following the binding of an 
extracellular Wnt ligand, control cell behavior, cell adhesion, and cell polarity through regulation 
of gene expression ( 11).  Wnt signaling plays a crucial role in vertebrate embryonic 
development, mediating gastrulation, axis formation, organogenesis, cell fate determination, 
cellular differentiation, and several other processes ( 12).  However, Wnt signaling is not limited 
to embryos, and mutations that interfere with the normal function of Wnt signaling pathways are 
linked to a range of human diseases, including cancer ( 13).  Because of the crucial role of Wnt 
signaling in embryonic development, it would be interesting to elucidate its role in early stages 
of oocyte development, especially during oocyte maturation, which is responsible for creating a 
fertilizable egg that is prepared for the dynamic events of embryogenesis.  Evidence of increased 
gene expression of critical Wnt signaling pathway components during oocyte maturation would 
suggest that Wnt signaling is either important in maturation itself or that the ovary is preparing 
oocytes for increased signaling once they begin developing as embryos post-fertilization.  
Wnt signaling, however, is not confined to a single mechanism, and there are multiple 
Wnt pathways.  The most well studied of these is the canonical Wnt/β-catenin pathway (Figure 
6) ( 11, 13).  In this pathway, a Wnt ligand binds to a receptor (Frizzled) on the surface of the 
cell.  Wnt binding to Frizzled activates Dishvelled, leading to the creation of the Dishevelled 
complex.  This complex inhibits the degradation of cytoplasmic β-catenin through ubiquitin-
mediated proteolysis, allowing β-catenin to accumulate in the cytoplasm, translocate into the 
nucleus, bind to transcription factors LEF/TCF, and activate target genes ( 11).   
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Figure 6. The canonical Wnt/β-catenin signaling pathway.  In the absence of a Wnt signal, β-
catenin is degraded and is unable to induce transcription (a), but in the presence of a Wnt signal, 
β-catenin degradation is repressed, and β-catenin can function as a co-activator of transcription 
(b).  Figure from Moon et al., 2004 ( 13). 
 
In addition to this canonical Wnt/β-catenin signaling pathway, there are also several non-
canonical Wnt pathways, an example of which is the Wnt/calcium signaling pathway (Figure 7).  
This pathway does not involve β-catenin, but instead uses Dishevelled as the initial intracellular 
signaling molecule.  In this pathway, Dishevelled forms a complex with different proteins and 
has downstream effects through calcium/calmodulin-dependent kinase; however, the full 
mechanism of the pathway is not yet known.  Furthermore, the presence of an external Wnt 
ligand and a membrane-bound Frizzled receptor are also conserved between the canonical and 
non-canonical pathways ( 13). 
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Figure 7. An example of a non-canonical Wnt signaling pathway that does not involve β-
catenin: the Wnt/calcium signaling pathway.  Figure from Moon et al., 2004 ( 13). 
 
Because of its central role in both canonical and non-canonical Wnt signaling pathways, 
Dishevelled is known as the “hub of Wnt signaling” ( 14).  It is responsible for relaying Wnt 
signals from receptors to downstream effectors for all known Wnt pathways.  In canonical 
Wnt/β-catenin signaling, the binding of Wnt ligands to membrane-bound receptors leads to the 
formation of the Disevelled complex, which initiates downstream signaling and the eventual 
inhibition of β-catenin degradation.  In non-canonical pathways, Dishevelled complexes with 
different molecules to affect downstream effectors that are not involved in canonical signaling 
( 14).  Therefore, Dishevelled is an ideal Wnt signaling pathway component for studying the 
behavior of Wnt signaling in general, and, since it is central in all Wnt signaling pathways, 
examining Dishevelled allows one to look at Wnt signaling as a whole. 
β-catenin is another key component of the canonical Wnt signaling pathway and is 
responsible for relaying the Wnt signal to the cell’s transcriptional machinery.  β-Catenin is an 
interesting protein as it serves a dual role as both a cell adhesion protein when bound to the 
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plasma membrane as part of a complex and as a co-activator of transcription through the Wnt/β-
catenin pathway ( 15).   
In membrane-bound complexes, β-catenin is an essential component of cell-cell adhesion 
mediated by cadherins, transmembrane adhesion proteins, by linking the cytoplasmic tail of 
cadherins to the actin cytoskeleton (Figure 8) ( 15, 16).  This type of cell-cell adhesion is 
relevant to oocyte development since these adherens junctions are critical in holding the oocyte 
and surrounding follicle cells together ( 17).   
 
Figure 8. β-Catenin in cadherin-mediated cell-cell adhesion.  Figure from Kosik et al., 2005 
( 16). 
 
As part of the Wnt/ β-catenin pathway, cytoplasmic β-catenin is translocated from the 
cytoplasm into the nucleus, where it serves as a co-activator for transcription by binding to the 
transcription factors LEF and TCF.  Due to its role in signaling, the presence of β-catenin in the 
cytoplasm is heavily regulated, and degradation occurs rapidly ( 18).  However, Wnt signaling 
inhibits β-catenin degradation, allowing it to bind LEF/TCF, enter the nucleus, and perform its 
function as a transcriptional co-activator ( 11).   
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Interestingly, β-catenin has been found to exist in distinct molecular forms depending on 
the role it is fulfilling, which to some extent limits competition between its roles in adhesion and 
signaling.  These distinct molecular forms of β-catenin, which differ in conformation at their C-
terminal ends, preferentially bind cadherin and LEF/TCF, but it is not clear how these protein-
level modifications are regulated ( 19).  Preferential binding is potentially due to differential 
gene transcription or alternative splicing, with Wnt signaling triggering the expression of the 
form that preferentially binds LEF/TCF.  There is also evidence of “inactive” β-catenin, which 
participates in neither signaling nor adhesion ( 19).  Using conventional reverse transcription-
polymerase chain reaction (RT-PCR), Cedra et al. (1999) found evidence that β-catenin mRNA 
increased in the cytoplasm after maturation, which they concluded as evidence of the importance 
of β-catenin as a structural protein during embryogenesis ( 17).  However, there is another 
possible conclusion that can be drawn from this: that β-catenin mRNA increases during 
maturation because of the importance of Wnt signaling in late maturational and early embryonic 
development.  It is this avenue that I investigated in my research, and I sought to use quantitative 
RT-PCR (qPCR) to identify changes in the expression of Wnt-related genes during the 
progression of maturation. 
D. Preliminary Findings and Objectives of This Research Project 
Previous research has been conducted in the laboratory of Professor Alyce DeMarais to 
examine the activity and localization of β-catenin during zebrafish oocyte maturation. Work 
performed by Kristi Hamilton suggested that the ratio of the amount of β-catenin in the 
cytoplasm to that attached to the cytoskeleton through membrane-bound complexes increases 
after maturation.  Furthermore, Hamilton found that the total amount of β-catenin in oocytes 
increases after maturation ( 20).  The increased levels of cytoplasmic β-catenin found after 
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maturation suggest that the canonical Wnt signaling pathway may be activated during oocyte 
maturation, thereby supporting that this pathway is not only critical for embryo development but 
also critical for the development of oocytes.  These findings highlight the need for further studies 
in order to more clearly elucidate how oocytes interact with their environment during the 
complex process of oocyte development.   
In this research project, I studied the activity of the canonical Wnt/β-catenin pathway, as 
well as that of Wnt pathways in general, during zebrafish oocyte maturation.  This was carried 
out through confocal microscopy, which was used to visualize the localization of β-catenin in the 
cell, and through qPCR gene expression analysis of the critical Wnt signaling pathway 
components β-catenin and Dishevelled.  The results of my research contribute to the overall 
understanding of the process of oocyte maturation, as well as the role of Wnt signaling, which is 
essential for embryonic development, in the preliminary steps of oogenesis and maturation.  My 
preliminary findings support the conclusion that Wnt signaling may play a role in oocyte-
environment interactions during maturation.  The results of this research contribute to our overall 
understanding of the process of oocyte maturation, as well as the role of Wnt signaling, which is 
essential for embryonic development, in the preliminary steps of oogenesis and maturation. 
 
Materials and Methods 
A. Overview  
The specific aims of my research were primarily addressed through qPCR analysis of β-catenin 
and Dishevelled mRNA in oocytes and surrounding ovary tissue over the course of maturation.  
Oocyte maturation was induced in vitro through incubation with or without 17α,20β-
dihydroprogesterone (DHP) for 1, 2, 4, or 8 h to observe changes that occur over the course of 
 maturation.  RNA was isolated from oocytes and ovary tissue and converted to cDNA.  qPCR 
analysis was then used to compare concentrations of 
maturing oocytes (Figure 9).  Oocytes were also examined with confocal microscopy 
the effect of maturation on the localization of 
Figure 9. Schematic overview of experimental methods.
 
B. Oocyte Harvesting and in vitro
Adult zebrafish (Danio rerio) were obtained from 
gallon glass aquariums at 24°C and fed daily with Tetramin Tropical Flakes.  Fish tank water 
contained DI water with 0.2 g/L CaCl
tanks were topped off with DI water as needed. Large
using 15–20 fish in order to obtain enough oocytes and ovary tissue for all time points 
simultaneously for each experiment and to mitigate biological variance.  Female zebrafish were 
euthanized by decapitation, and ovary tissue was surgically removed.  Ovary tissues from all fish 
were separated into small pieces and randomly distributed into the treatment groups.  All oocytes 
and ovary tissue were rinsed in 60% Leibovitz L
Antimycotic.  Oocytes and surrounding ovary tissue were incubated in 60% L
1× GIBCO Antibiotic-Antimycotic at 26
vehicle for 1, 2, 4, or 8 h in order to induce maturation, wh
β-catenin and Dishevelled mRNA in 
β-catenin protein within the cell.   
 
 Maturation   
local pet stores.  Zebrafish were kept in 10
2, 0.103 g/L NaHCO3, and 0.1 g/L Instant Ocean, and the 
-scale oocyte collections were performed 
-15 medium with 1× GIBCO Antibiotic
-15 medium with 
°C in 1 µg/mL DHP delivered in an absolute ethanol 
ile a control group received only the 
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vehicle ( 5).  Samples were incubated in 1 mL total medium in 24-well plates that were kept in 
an open container within an incubator containing 5 mL Acryl Aquaclean in 1 L DI water to 
prevent desiccation.  After 8 h of incubation in DHP, oocytes were considered to be completely 
mature.  Initially, oocytes from each sample group were examined with light microscopy for 
ooplasmic clearing in order to ensure that maturation occurred as expected ( 8).  Oocytes and 
ovary tissue were removed from culture at the stated time points, immediately frozen, and stored 
at -80°C until use. 
C. RNA Extraction and cDNA Conversion  
Total RNA was isolated from oocyte and ovary tissue samples using a Qiagen RNAeasy Mini 
Kit and kept at -80°C until use.  The RNA concentration of each sample was determined using a 
Bio-Rad NanoDrop spectrophotometer.  RNA was then converted to cDNA using a Bio-Rad 
iScript cDNA Synthesis Kit, which uses reverse transcriptase for the conversion. For each 
sample, 1 µg of RNA was converted into cDNA, resulting in standardized cDNA concentrations 
for use in qPCR.  cDNA was stored at -20°C until use. 
D. qPCR  
RNA primers for the genes encoding Zebrafish β-catenin and Dishevelled (ctnnb1 and dvl2, 
respectively), as well as the reference genes β-actin (actb1) and EF1-α (ef1a) were designed 
using the ZFIN gene database and Primer-BLAST and were obtained from Invitrogen (Table 1).  
qPCR was performed using a Bio-Rad CFX96 real-time PCR instrument.  An annealing 
temperature amenable to all primers used (56°C) was used for all runs.  Primers were optimized 
to determine their efficiency, or how close they were to doubling dsDNA after each cycle of 
PCR, and how much this efficiency varied at different levels of gene expression, as shown by an 
R2 value (Table 1).  Efficiency was determined by running a control sample using different 
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cDNA dilutions, from 1:10 to 1:1000, and creating a standard curve using Bio-Rad CFX 
Manager. For all qPCR runs, samples were run using 500 nM each of the forward and reverse 
primer, 1× Bio-Rad SsoFast EvaGreen Supermix, nuclease free water, and 1 µL of 1:10 cDNA 
dilution (from 1 µg/50 µL starting concentration), for a total of 10 µL per well.  For each 
experiment (full set of time points with and without DHP), qPCR was run for each target gene 
(ctnnb1 and dvl2) individually, with both reference genes (actb1 and ef1a) used in each run to 
normalize target gene expression.  Samples were run in triplicate, and outliers were discarded 
during data analysis.  The PCR protocol was as follows: 1 cycle at 95°C for 30 s, then 45 cycles 
of 95°C for 5 s followed by 56°C for 5 s, and finishing with a melt curve to assure the specificity 
of the primers.  Bio-Rad CFX Manager was used to analyze gene expression in each sample and 
to combine data from each experiment in order to determine the average target gene expression 
at each time point ( 21).  
Table 1. Primers for experimental and reference genes. 
Gene Forward primer sequence Reverse primer sequence Efficiency  R2 
ctnnb1 CACTGCTCCACTCACAGAGC CTCCAGTCTCGTTCCAGGTC 94.9% 0.990 
dvl2 CATTGACGAAGAGGAGACGC CTTCCGTTGAAGCATGGCAG 95.1% 0.944 
actb1 CGAACGACCAACCTAAACTCTCG CCCTTTGCCAGTTTCCGCATCC 103.4% 0.992 
ef1a CTTGGTCGCTTTGCTGTG GGAACGGTGTGATTGAGG 82.0% 0.996 
 
E. Oocyte Fixation and Confocal Microscopy.   
Oocyte collection and incubation with or without DHP was performed identically to that for 
qPCR analysis.  However, instead of evaluating oocytes in a time-course analysis, oocytes were 
examined pre-maturationally (0 h) and post-maturationally (24 h).  Follicle cell-enclosed 
zebrafish oocytes were fixed in a 0.43% formaldehyde fixing solution (0.1 M HEPES, 0.05 M 
EGTA, 0.005 M MgSO4, 0.4 M dextrose, and 1× PBS).  Fixed cells were permeabilized using 
0.1% PBTrition.  They were then stained with murine TRITC anti-β-catenin using protocols 
adapted from Sun et al. ( 22).  Fixed and stained oocytes were placed on a slide with VectaShield 
20 
 
mounting medium with DAPI (Vector Laboratories) to prevent photobleaching and to enable 
visualization of DNA within the cells.  Optically sectioned images of the oocytes were taken 
with a Nikon Eclipse Ti confocal microscope at 405 nm for DAPI and 543 nm for TRITC to 
determine the distribution of protein throughout the cells.  Images were analyzed using Nikon 
NIS-Elements imaging software and NIH ImageJ image processing software.  Optically 
sectioned images of oocytes at their widest point were selected for further analysis, and the width 
of the membrane-bound band of β-catenin signal was taken at the farthest points north, south, 
east, and west for 3–6 oocytes from each treatment type, and an average for each treatment was 
determined.  Latrunculin A was used in order to confirm that changes in β-catenin localization 
within the oocytes were not due to the migration of β-catenin from membrane-bound complexes 
into the cytoplasm.  Latrunculin A destabilizes the actin cytoskeleton and has been shown to 
significantly decrease levels of β-catenin at cell-cell contact sites ( 23).  During the last hour of 
incubation, pre- and post-maturational oocytes were exposed to 200 nM latrunculin A at 26°C.  
These oocytes were then fixed and observed using confocal microscopy as described.  
F. Statistical Analysis. 
Student’s t-tests were used to compare the width of the cytoskeletal band of mature and 
immature oocytes as found using confocal microscopy, as well as to compare the width of this 
band in oocytes treated with latrunculin A to that in untreated oocytes.  A series of Student’s t-
tests were also conducted to compare the gene expression of each sample to every other sample 
using unscaled expression values from the qPCR output.  A p-value of less than 0.05 was used as 
the threshold for statistical significance.  All statistical analyses were performed using GraphPad 
Prism. 
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Results and Discussion 
A. Initial Findings – Confocal Microscopy 
The examination of β-catenin localization in pre- and post-maturational zebrafish oocytes 
was performed in the summer of 2011, and the results of this study fueled the later gene 
expression study of the key Wnt signaling pathway components β-catenin and Dishevelled.  
Previous research in my laboratory suggested that the amount of cytoplasmic β-catenin increases 
during maturation ( 20).  It is possible that the increased cytoplasmic β-catenin was a result of 
new translation of β-catenin protein or inhibition of degradation of existing β-catenin within the 
cytoplasm, or instead the result of the migration of β-catenin from membrane-bound complexes 
into the cytoplasm.  In order to determine whether or not the increased cytoplasmic β-catenin 
was the result of migration from membrane-bound complexes, I decided to visualize β-catenin in 
pre- and post-maturational cells using confocal microscopy.  If it was found that the increase in 
cytoplasmic β-catenin was not the result of migration from membrane-bound complexes, this 
would be consistent with the conclusion that Wnt signaling plays a role in oocyte maturation, as 
inhibiting the degradation of β-catenin already in the cytoplasm is what leads to downstream 
signaling in the canonical Wnt signaling pathway ( 13). 
Pre- and post-maturational oocytes stained with TRITC anti- β-catenin and DAPI were 
imaged in order to visualize the localization of β-catenin within the cell; a representative image 
of each treatment can be seen in Figure 10.  DAPI-stained DNA revealed the nuclei of the 
follicle cells surrounding the oocytes.  There was, however, no visible nucleus in any of the 
oocytes themselves, even in supposedly immature oocytes not exposed to DHP.  This may be 
because the DNA signal was occluded by yolk proteins and β-catenin within the cell or, more 
likely, because DAPI was only in the mounting medium and was applied directly before 
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visualization, thereby preventing it from penetrating the oocytes and only permitting the staining 
of the outer layer of follicle cells.  β-Catenin was distributed throughout the cell in all treatment 
groups.  The spots within the cytoplasm where β-catenin was not found may indicate the 
presence of yolk proteins, which would exclude β-catenin from those regions.  Around the rim of 
the cell there is a distinct band of β-catenin signal, and it was hypothesized that this could 
represent β-catenin attached to membrane-bound complexes. 
 
Figure 10. Analysis of the localization of β-catenin within pre- and post-maturational oocytes 
using confocal microscopy.  Oocytes from each treatment type were fixed as described in the 
Materials and Methods and imaged using a Nikon Eclipse Ti confocal microscope.  Different 
treatment types were mature oocytes incubated in 1 µg/mL DHP for 24 h (a), immature oocytes 
incubated without DHP for 24 h (b), mature oocytes treated with 200 nM latrunculin A during 
the last 1 h of incubation (c), and immature oocytes treated with 200 nM latrunculin A during the 
last 1 h of incubation (d).  The point where the oocyte was widest was selected for further 
analysis.    
 
a
)
b
)
c
) 
d) 
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In order to prove that the band of signal around the edge of the oocytes represented 
membrane-bound β-catenin, its width in pre- and post-maturational oocytes was compared to that 
in oocytes treated with a cytoskeleton disrupting agent, such as latrunculin A, which destabilizes 
the actin cytoskeleton; this treatment would free membrane-bound β-catenin into the cytoplasm 
(Figure 11) ( 23).  The average widths of these bands were determined to be 5.89 µm for mature 
oocytes, 5.64 µm for immature oocytes, 4.66 µm for mature oocytes incubated with latrunculin A, 
and 4.73 µm for immature oocytes incubated with latrunculin A.  The width of this band was 
significantly smaller in oocytes treated with latrunculin A (t-test, p = 0.015), supporting that this 
band actually represented membrane-bound β-catenin, since the introduction of a cytoskeleton-
disrupting agent reduced the amount of β-catenin signal in this region.  However, there were no 
significant differences in the widths of this band of membrane-bound β-catenin between mature 
and immature oocytes (t-test, p = 0.691).  From this, it can be concluded that any increase in 
cytoplasmic β-catenin levels during maturation was not primarily the result of migration of β-
catenin from the membrane to the cytoplasm.  This is consistent with the observation that there 
are different molecular forms of β-catenin, reducing competition between β-catenin as a cellular 
adhesion molecule and β-catenin as a signaling molecule ( 19).  This also provides further 
evidence for Wnt signaling playing a role in oocyte maturation, as increased Wnt signaling 
during maturation would inhibit the degradation of β-catenin, allowing it to build up, and 
explaining the increased cytoplasmic β-catenin present after maturation ( 13). 
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Figure 11. Width of the membrane-bound band of β-catenin signal in mature and 
immature oocytes in the presence and absence of latrunculin A. The width of the membrane-
bound band of β-catenin signal was taken at the farthest points north, south, east, and west for 3–
6 oocytes from each treatment type, and an average for each treatment was determined.  The 
average cytoskeletal band width was 5.89 µm for mature oocytes, 5.64 µm for immature oocytes, 
4.66 µm for mature oocytes incubated with latrunculin A, and 4.73 µm for immature oocytes 
incubated with latrunculin A. The membrane-bound band was found to be significantly larger in 
oocytes not treated with latrunculin A (*) than in oocytes treated with latrunculin A (t-test, p = 
0.015), suggesting that latrunculin A successfully caused β-catenin to dissociate from membrane-
bound complexes.  There was no significant difference in membrane-bound band width between 
mature and immature oocytes (t-test, p = 0.691).  
 
B. qPCR Gene Expression Study 
Up to this point, I had found indirect evidence that Wnt signaling, at least through the 
canonical Wnt/β-catenin pathway, played a role in oocyte maturation.  Further evidence to 
support this conclusion could be obtained by evaluating the expression of critical Wnt signaling 
pathway genes, as increased expression of these genes would suggest either that the oocyte was 
producing more Wnt signaling pathway components to accommodate for increased signaling 
during maturation itself or that the oocyte was preparing for increased signaling during embryo 
development, where Wnt signaling is known to play an important role ( 11).  By looking at the 
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expression of both Dishevelled and β-catenin, it is possible to examine the role of both the 
canonical and non-canonical Wnt signaling pathways, as Dishevelled is a universal component 
of Wnt signaling, as well as the canonical Wnt/β-catenin pathway specifically ( 13).  
The gene expression levels of the critical Wnt signaling pathway components β-catenin 
and Dishevelled during oocyte maturation were determined through qPCR.  qPCR is a sensitive 
technique that can be used to determine gene expression levels by examining the amount of 
mRNA for that gene present in different samples.  In qPCR, mRNA from the sample is converted 
into complementary DNA (cDNA) and then amplified through the polymerase chain reaction 
(PCR).  Through the use of fluorescent markers that only bind to dsDNA, reaction products are 
quantified while the reaction is proceeding, thereby allowing for data to be collected more 
rapidly and with less effort than traditional PCR.  Another benefit of qPCR is that it allows the 
amount of DNA present in the original sample to be accurately quantified, as it measures the 
florescence of the samples during the linear phase of amplification.  In traditional PCR, on the 
other hand, it is only possible to examine the amount of DNA present at the end-point of the 
reaction, and it is impossible to know if the samples are in the linear phase of amplification ( 24).  
By using qPCR to examine oocytes at different time points during maturation, it is possible to 
determine when transcription occurs in response to DHP-induced in vitro oocyte maturation.  By 
measuring the gene expression of both β-catenin and Dishevelled, it is possible to examine the 
activity of both the canonical Wnt/β-catenin pathway, which includes both of these components, 
and non-canonical Wnt pathways which do not contain β-catenin, but still use Dishevelled. 
The first step to quantitatively analyze gene expression through qPCR is the identification 
of an appropriate reference, or housekeeping, gene.  A reference gene is a gene that is expressed 
at consistent levels throughout all experimental tests.  Therefore, in this study, the ideal reference 
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gene would exhibit constant expression throughout oocyte maturation.  Reliable reference genes 
are essential as they allow the measurements for the experimental genes to be standardized to the 
reference gene, permitting accurate determination of the expression levels of the experimental 
genes.  However, since most gene expression analyses in zebrafish developmental biology 
studies have been performed with embryos, not oocytes, no reference genes had been established 
for zebrafish oocyte maturation.  Therefore, part of the preliminary work for this study was 
testing potential genes for constant expression throughout oocyte maturation.  I tested both EF1-
α and β-actin, which had been established as reference genes in zebrafish embryos ( 25).  In 
addition, β-actin and GAPDH were was found to be valid reference genes in bovine oocytes and 
therefore warranted further testing in zebrafish ( 26).  After examining the expression of all of 
my reference genes, I elected to use EF1-α and β-actin in concert because both exhibited 
promising but not perfectly consistent levels of expression.  The idea behind this was that if both 
reference genes were used simultaneously, any minor deviations will be balanced out.  The 
expression of Dishevelled and β-catenin in the experimental trials was normalized to that of these 
reference genes using the Bio-Rad CFX manager qPCR software ( 27).  
The expression of Dishevelled (dvl2) in oocytes and surrounding ovary tissue incubated 
with or without DHP over the 8-h maturational time course can be seen in Figure 12.  The 
expression of dvl2 increased from the 0-h point in both the negative control group (no DHP) and 
the test group.  The test-group samples showed significantly higher expression of dvl2 than the 0-
h point at the 4-h point (t-test, p = 0.0043) and at the 8-h point (t-test, p = 0.0012), but at no point 
was the negative control group’s expression significantly different than the 0-h point.  In samples 
incubated with DHP, the expression of dvl2 was higher than that in the control at the 1-h point, 
but within standard error of the control at the 2-h point.  The expression of dvl2 then increased 
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above that of the negative control at the 4-h point and remained elevated at 8 h, at which point 
maturation was assumed to be complete (Figure 12).  These differences between the test-group 
and the negative control for each time-point were not statistically significant, but still show the 
general trend of expression being higher in the test-group than the negative control, and a larger 
sample size (of more than 3 sets of samples) may have led to a significant result being found.  
The fact that dvl2 expression increased from the 0-h point and was generally higher than the 
negative control in oocytes and surrounding ovary tissue exposed to DHP suggested that 
maturation led to the increased expression of the dvl2 gene and subsequently the increased 
translation of Dishevelled protein.  These results are in line with the hypothesis that the oocyte is 
either undergoing increased Wnt signaling (i.e., producing more Wnt signaling pathway 
components) or producing more Wnt signaling pathway components in preparation for the events 
of embryo development during the process of maturation.  
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Figure 12. Expression of the Dishevelled (dvl2) gene in maturing oocytes and surrounding ovary 
tissue, as measured by qPCR.  Zebrafish oocytes and surrounding ovary tissue were incubated at 
26°C in the presence (+) or absence (-) of 1 µg/mL DHP for 0–8 h in order to compare immature 
and maturing oocytes.  Total RNA was extracted and cDNA conversions were performed as 
described in the Materials and Methods.  The expression of dvl2 within the samples was 
standardized using reference genes ef1a and actb1 (see Table 1 for all primers and efficiencies).  
Results are combined from 3 sets of samples, and samples were analyzed using qPCR as 
described in the Materials and Methods.  Error bars show the standard error of the mean for dvl2 
expression normalized using the reference genes.   Unscaled Expression values for each 
treatment type were compared using Student’s t-tests.  The gene expression of dvl2 was 
significantly higher the expression at the 0-h point at the +4-h point (*, t-test, p = 0.0043) and at 
the +8-h point (*, t-test, p = 0.0012). 
 
There is, however, one major confounding factor in the results of this gene expression 
study: the increased gene expression over time in the negative control, which was not treated 
with DHP.  Even though the expression of dvl2 in the negative control increased less than that in 
the test group at all time points other than the 2-h point, it was still upregulated compared to the 
starting dvl2 expression level at the 0-h time point from 2 h through 8h.  If maturation is really 
promoting increased expression of Dishevelled, one would expect the gene expression of the 
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negative controls to remain at or near the expression at the 0-h point.  However, gene expression 
increased over time when DHP was not added to the samples to induce maturation in vitro.  
There are a few possible explanations for this result.  One possibility is that some level of 
endogenous oocyte maturation is occurring in the negative controls.  As both ovary tissue and 
oocytes are being used in the samples, it is possible that this tissue and the follicle cells 
surrounding the oocytes are secreting DHP themselves, leading to maturation in the negative 
controls, albeit to a lesser extent than in the samples where DHP was added.  The fact that all 
oocytes within the ovary were distributed into the samples also means that some of these oocytes 
will be at different developmental stages, which could have made the overall results less clear.  
Still, the fact that expression was generally higher when DHP was added suggested that 
maturation played at least some role in the increasing expression of the Dishevelled gene. 
The expression of β-catenin (ctnnb1) in oocytes and surrounding ovary tissue incubated 
with or without DHP over the 8-h maturational time course can be seen in Figure 13. The 
expression of ctnnb1 increased from the 0-h point in both the negative control group (no DHP) 
and the test group.  At both 1 and 2 h, the expression of ctnnb1 in the test group was within the 
standard error of the control group and remained close to that in the 0-h point.  At the 4-h point, 
gene expression increased , but was still within the standard error of the control group.  The 
expression of ctnnb1 then increased to levels higher than those observed in the negative control 
at the 8-h point, at which point maturation was assumed to be complete (Figure 13).  As with 
dvl2, gene expression of ctnnb1 in the test-group was significantly higher than the 0-h point at 
the 4-h point (t-test, p = 0.0092) and at the 8-h point (t-test, p = 0.0013).  The only time-point 
where expression of the test-group was significantly higher than the negative control was at the 
8-h point (t-test, p = 0.0137).  As with Dishevelled, the expression of ctnnb1 in the negative 
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controls greatly increased above that of the 0-h point, and it is possible that this could also be 
explained by endogenous maturation without the addition of DHP.  Still, the increased 
expression of β-catenin in the test group at the 8-h point suggested that β-catenin may play a role 
in Wnt signaling during the late stages of maturation or that more β-catenin was being produced 
to prepare for embryo development.  However, the expression of β-catenin in both the negative 
control and the test group remained close to that at the 0-h point longer, and the expression of β-
catenin in the test group to which DHP was added did not become significantly larger than that 
in the negative control group until the 8-h time point at the very end of the maturational time 
course.  The expression of the β-catenin gene therefore seemed to be upregulated by oocyte 
maturation to a lesser degree than that of Dishevelled, or at least not upregulated until a later 
during the course of maturation.  It is possible that this is because Dishevelled is upstream of β-
catenin in the canonical Wnt signaling pathway.  As an upstream component, it may be 
necessary to upregulate the expression of Dishevelled first in order to prepare for increased Wnt 
signaling.  Another explanation is that the increased expression of β-catenin may not be required 
for increased Wnt signaling, as inhibition of the degradation of existing β-catenin within the 
cytoplasm may be sufficient to allow for more β-catenin to act as a co-activator for transcription.  
Finally, Wnt signaling pathways other than the canonical Wnt/β-catenin pathway may play a 
bigger role in the early stages of maturation.     
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Figure 13. Expression of the β-catenin (ctnnb1) gene in maturing oocytes and surrounding ovary 
tissue, as measured by qPCR. Zebrafish oocytes and surrounding ovary tissue were incubated at 
26°C in the presence (+) or absence (-) of 1 µg/mL DHP for 0–8 h in order to compare immature 
and maturing oocytes.  Total RNA was extracted and cDNA conversions were performed as 
described in the Materials and Methods.  The expression of ctnnb1 within the samples was 
standardized using reference genes ef1a and actb1 (see Table 1 for all primers and efficiencies).  
Results are combined from 3 sets of samples, and samples were analyzed using qPCR as 
described in the Materials and Methods.  Error bars show the standard error of the mean for 
ctnnb1 expression normalized using the reference genes.  Unscaled Expression values for each 
treatment type were compared using Student’s t-tests.  The gene expression of ctnnb1 was 
significantly higher the expression at the 0-h point at the +4-h point (*, t-test, p = 0.0092) and at 
the +8-h point (*, t-test, p = 0.0013).  Expression of the test-group was significantly higher than 
the negative control at the +8-h point (**, t-test, p = 0.0137).   
 
C. Conclusions and Future Directions 
The results of my experiments support that Wnt signaling plays a role in the zebrafish 
oocyte maturation process.  Previous research has suggested that the concentration of 
cytoplasmic β-catenin increases after maturation, potentially due to the inhibition of degradation 
through the canonical Wnt/β-catenin signaling pathway or through new translation of β-catenin 
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protein.  This conclusion was supported by the visualization of β-catenin within pre- and post-
maturational oocytes using confocal microscopy.  This experiment showed that the increase in 
cytoplasmic β-catenin was not due to migration from membrane-bound complexes, further 
suggesting that the reason for this increase may be Wnt signaling.  Furthermore, qPCR gene 
expression analysis revealed that the expression of the key Wnt signaling pathway components 
Dishevelled and β-catenin increased over the course of maturation, suggesting that the amount of 
Wnt signaling pathway components increased in order to accommodate the need for increased 
Wnt signaling during maturation or that oocytes were producing more Wnt signaling pathway 
components in preparation for the events of embryo development.   
There are several avenues of future research that would help solidify the conclusion that 
Wnt signaling plays a role in oocyte maturation.  A confounding factor of my gene expression 
study was that the expression of both target genes also increased over time in the negative 
control, to which no DHP was added in order to induce maturation.  It is possible that this 
increase in gene expression was the result of some level of endogenous maturation caused by the 
secretion of DHP from follicle cells surrounding the oocytes.  One way to test this would be to 
analyze the secretion of DHP into the incubation solution using an enzyme-linked 
immunosorbent assay (ELISA) for DHP.  ELISA is a method used to determine the presence of a 
molecule in a sample using antibodies linked to enzymes that give a colormetric response upon 
binding.  Using ELISA, it would be possible to determine if there were increasing levels of DHP 
in the negative control over the experimental time course, which could explain the increased 
gene expression over the 0-h point.  After evaluating the gene expression of key Wnt signaling 
pathway components, another step could be to investigate the protein expression of these 
components within oocytes over the maturational time course through western blotting.  This 
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would help us determine the time during maturation when the concentrations of Dishevelled and 
β-catenin are increasing and whether the occurrence of increased gene expression in these Wnt 
signaling pathway components is because of increased signaling during maturation or in 
preparation for increased signaling during embryo development.  Finally, examining the activity 
of Wnt singaling pathways during oocyte maturation would also provide more information about 
when Wnt signaling is upregulated during development.  There are multiple methods of 
approaching this question, such as a luciferase assay or selective knockdown of Wnt signaling 
pathway components using siRNA.  A luciferase assay measures the activity of a promoter, such 
as the Wnt promoter, by linking it to the expression of luciferase, a protein that emits light.  In 
this experiment, then, increased light production would be evidence of higher Wnt signaling 
activity and the increased expression of Wnt-regulated genes.  A luciferase gene tied to a Wnt 
promoter can be designed and introduced into immature oocytes using microinjection ( 28). 
Another way to measure the importance of Wnt signaling during oocyte maturation would be 
through the microinjection of siRNA for Dishevelled or β-catenin into immature oocyte, which 
would knockdown the expression of these Wnt signaling pathway components.  Knockdown of 
gene expression through siRNA microinjection has been proven effective in zebrafish embryos, 
and thus should also work in oocytes ( 29).  If knocking down the expression of key Wnt 
signaling pathway components prevents oocytes from maturing in vitro, which can be observed 
using light microscopy, it would suggest that Wnt signaling is necessary during oocyte 
maturation.   
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